Effects of microstructures on the creep and corrosion properties were investigated in the Mg-8Al alloys with addition of the rare earth elements (La-rich Mischmetal, RE). The addition of RE to Mg-8Al alloy may form a stable intermetallic phase, Al 11 RE 3 at elevated temperature, and suppress the phase (Mg 17 Al 12 ) with poor stability at high temperature. The corrosion rate of the alloy slightly decreases with increasing the added RE contents. The constant-load creep behavior was examined at 423, 448 and 473 K under stresses between 40 and 100 MPa. The RE-containing alloy showed a prolonged period of stead-state creep compared to the Mg-8Al base alloy and slightly reduced minimum creep rates. A stress exponent of 2 estimated suggests that the creep behavior can be controlled by the grain boundary sliding. The apparent activation energy for creep of Mg-8Al and Mg-8Al-2RE alloys are 114 and 104 kJ mol À1 , respectively.
Introduction
The challenge for producing high-efficient vehicles is promoted by a growing demand for the automotive industry to reduce air pollution and energy consumption. Magnesium alloy has advantages of the lowest density, and the excellent specific strength and stiffness among the commercially available structural alloys. The use of magnesium would cause a weight saving of around 33% or 77% comparing with aluminum alloys or iron/steel, respectively. Therefore, a magnesium-base alloy is usually a structural candidate for mass-saving applications. [1] [2] [3] Mg-Al-Zn series alloy, especially AZ91 alloy, is the most popular magnesium alloy, since the AZ91 exhibits excellent die castability and a good balance of strength and ductility. [4] [5] [6] However, the applications of AZ91 alloy have limited due to the low strength, poor creep and corrosion resistance at temperatures in excess of 393 K. 7) The deterioration of the properties makes it unsuitable for many components in automobile engines. 8, 9) The previous investigation 10) showed that the grain boundary sliding is significant to the deformation mechanism at elevated temperatures in Mg-Al based alloys. Therefore, to improve heat resistance in Mg-Al based alloy, it seems an effective way to develop an alloy containing stable phases in thermal condition, which suppress the grain boundary sliding. Although some magnesium alloys containing Ca element that exhibit favorable mechanical properties, even at moderate temperature, developed in the past few years [11] [12] [13] [14] [15] but the castability is inferior to Mg-Al-Zn alloy. The addition of rare earth (RE) elements effectively works to improve the mechanical properties of magnesium alloys at elevated temperatures as well as the corrosion resistance. 16, 17) The rare earth, used as Mischmetal (Mm, a mixture of rare earth elements) in the magnesium alloy, is a better choice to protect from both creep and corrosion viewpoints at elevated temperature, since commercially Mm is much cheaper than individual rare earth element metals. The Mg-8Al-xRE (x ¼ 0, 1, 2 or 3 mass%) alloys were studied thoroughly, and show also good behavior on their tensile properties at either ambient or elevated temperatures; and even excellent superplasticity through our previous investigations. 18, 19) Therefore, the present investigation aims at clarifying the effects of a small amount of RE on the microstructure and the creep resistance of the Mg-8Al alloy at the elevated temperatures up to 473 K; accordingly the corrosion properties of Mg-8Al-xRE alloys were also studied.
Experiments
The alloys of Mg-8Al-xRE (x ¼ 0, 1, 2 or 3 mass%) were prepared by melting and casting in the vacuum induction furnace under the protection of argon gas, and then extruded to a sheet 3 mm thick at 633 K. The extrusion ratio was 90:1. The chemical compositions of the prepared alloys were analyzed by an inductivity coupled plasma atomic emission spectrometer (ICP-AES), and the result of the analysis is listed in Table 1 . RE elements were added as Mischmetal with a composition (by mass) of 85.3% La, 11.6% Ce, 2% Pr, 0.3% Nd, 0.03% Fe and 0.02% Si. After the processing, the average grain size, d (d ¼ 1:74 L, L is the linear intercept size), was about 20 mm. The alloys were examined by optical and scanning electron microscope (SEM) techniques to determine their microstructural features. X-ray diffraction (XRD) techniques, was applied to identify the phases from the crystallographic feature in this study. SEM was performed using a Philips XL-30 SEM, and XRD was conducted using Philips 1710 diffractometer with CuK emission. Solartron 1287 Electrochemical Impedance Spectroscopy were used for electrochemical corrosion tests. Before the corrosion test, the specimens were ground, polished, cleaned, and weighted. Immersion test of corrosion was conducted submerging in water solution with 3.5 mass% NaCl for 6 h. After the immersion, the corroded specimens were dried and weighted; and then compared with the original specimens to calculate the weight loss precisely.
Creep tests were carried out under a constant-load using a creep machine equipped with a three zone furnace (manufactured by Applied Test System Inc., Butler, PA). The extension of the specimen was measured by using a LVDT mounted on the sample at a constant temperature. The specimens for the creep test is flat, were cut from the extruded alloy sheets parallel to the extruded direction and had a cross section of 4 mm Â 3 mm and 16 mm in gauge length. The creep tests were carried out at three temperatures of 423, 448 and 473 K. Temperature fluctuation was AE2 K under independently applied constant-load between 40 and 100 MPa.
Results and Discussion

Microstructural analysis and phase identifications
The microstructure of the as-cast Mg-8Al alloy showed a typical dendritic structure with the primary -Mg phase, the eutectic phase (coarse Mg 17 Al 12 precipitates) and the fine lamellar (discontinuously precipitated Mg 17 Al 12 ()) as shown in Fig. 1(a) . The microstructure was formed by a divorced eutectic reaction. 20) The fine lamellae (discontinuously precipitated ) phase was formed from the outer region of -Mg dendrites, and is supersaturated with Al below the eutectic temperature. 21) When the RE was added in the Mg8Al alloy, the Al 11 RE 3 intermetallic phase was precipitated. Figure 1 (b) depicts a microstructure of the as-cast Mg-8Al-2RE alloy, which contains a needle-like intermetallic Al 11 RE 3 phase and a nodule-like phase. With larger amount of RE addition in the alloy both the amount and the coarseness of the Al 11 RE 3 phase particles were more increased, whereas the amount of phase became less and the phase turned into finer particles. 18) Because the intermetallic Al 11 RE 3 phase consumes most of the aluminum atoms. The sizes of all the precipitates in the as-cast alloys are over 10 mm and some exceed 20 mm.
The as-cast Mg-8Al-xRE alloy possibly has castingdefects, i.e., the as-cast alloy has pores/segregation, as seen in Fig. 1(b) . The mechanical property of as-cast alloy is usually inferior to wrought alloy due to the defects. The ingots were hot extrusion to remove the cast-defects and enhance mechanical property. Consequently, the Mg-8Al-xRE alloys used in present study were in as-extruded alloys. After hot extrusion, as shown in Figs. 1(c) and (d), all the precipitates were crushed to form homogeneously distributed fine particles with size less than 10 mm. All the asextruded specimens exhibit a uniform equiaxed grain structure with the mean grain size of about 20 mm. The morphology of the Mg-8Al alloy is an -Mg matrix with irregular -phase precipitates distributed inside grains and also along grain boundaries as shown in Fig. 1 Figure 2 is the X-ray diffraction (XRD) patterns of the asextruded Mg-8Al and Mg-8Al-2RE alloys. The peaks with high intensities are mainly corresponding to two phases, -Mg and (Mg 17 Al 12 ), both of which in Mg-8Al and Mg-8Al-2RE alloys. The structure of phase is a body-centered cubic.
22) The Al 11 RE 3 precipitate has a body-centered orthorhombic structure 23, 24) was present only in Mg-8Al-2RE alloy. Figure 3( 
Corrosion tests
In corrosion tests, salt water was used as the corrosive solution; so that potentiodynamic polarization and immersion tests were conducted in water containing 3.5 mass% NaCl. Figure 4 shows results of the potentiodynamic polarization of the alloy obtained in a typical corrosion test. The results based on the Tafel extrapolarization show that the corrosion current density (in A/cm 2 ) of the Mg-8Al-xRE alloys decreases with the RE content, as shown in Table 2 . Thus, the corrosion rate of Mg-8Al base alloy is higher than the alloy with RE element. The corrosion rates of the alloy slightly decrease with increasing the added RE contents. Figure 5 shows the surfaces of the Mg-8Al-xRE alloys after immersion. During the period of immersion, no odorous gas was generated from the alloy surface. The corrosion of magnesium in salt water is based on corrosion reaction equation (1), 26) according to which magnesium simply displaces hydrogen out of the water, producing hydrogen gas.
Therefore, no odorous gas was hydrogen gas. Residues in gray color were observed on the surfaces of the Mg-8Al-xRE alloys after corrosion tests. The relationship between rate of the weight loss and RE contents in the Mg-8Al-xRE alloys is shown in Fig. 6 . The weight loss of the alloys was measured after the immersion in the 3.5 mass% NaCl solution for 6 h. The weight loss rate was reduced from 6.02 for Mg-8Al to 5.51 (in mg/cm 2 /day) for Mg-8Al-3RE alloy. In the corrosion process, the trend of the rate determined from the weight-loss measurements was consistent with that determined by the electrochemical testing method (shown in Fig. 4 and Table 2 ). The experimental results in Fig. 6 show that Mischmetals containing such as La, Ce, Pr and Nd improve the corrosion resistance of the Mg-Al alloys in the chloride solutions. The solubility of rare earth in the Mg-Al alloys is limited by the presence of aluminum; but the intermetallic Al-RE phase formed during the immersion tests is electrochemical passive and does not affect the corrosion rate. 27, 28) The high corrosion resistance of the Mg-8Al alloy with RE is related to a certain positive synergism of aluminum atoms and RE elements in the Mg8Al base alloy; consequently, impeding the propagation of the localized corrosion attack, as shown in Fig. 7 . The improvement of the Mg-8Al alloy by the added RE under the corrosion condition is possibly due to the enrichment of the trace elements of RE in the oxide film, and the benefits of Al 11 RE 3 distributed uniformly in the matrix. The Figure 8 shows several creep strain vs. creep rupture life curves obtained typically from the constant-load and constant-temperature of Mg-8Al-xRE alloys under 40 MPa at (a) 473 K and (b) 423 K, respectively. These curves show a standard form of the constant-load creep test: where the primary, secondary (or steady-state), and tertiary stages were represented. There are three apparent regions can be distinguished at 423 K, especially for the Mg-8Al-2RE and Mg-8Al-3RE alloys (see Fig. 8(b) ). However, at a higher temperature in our investigation, 473 K, the steady-state stage of the creep curve is unclear or even vanish, namely from primary stage immediate to get into tertiary stage until to fractured (see Fig. 8(a) ). Adding 1 mass% RE slightly increased the creep rupture life of Mg-8Al alloy. However, the creep rupture life of Mg-8Al-2RE and Mg-8Al-3RE alloy significantly improved (see Fig. 8(b) ). The results indicate that the creep resistance of the Mg-8Al-xRE alloys exceeds that of the Mg-8Al base alloy. The addition of the RE elements to the Mg-Al alloy could slightly reduce the steadystate creep rate and prolonged the creep rupture life. The creep rupture life at 423 K was improved twenty to thirty times more than that at 473 K, as shown in Table 3 .
The main strengthening phase in the Mg-8Al alloy is the phase, which has a low melting point of approximately 735 K 29) and poor thermal stability. The phase is readily coarsened and softened at the temperatures above 393-403 K. 8, 9) Additionally, the phase has a cubic crystal structure that is incoherent with the h.c.p. magnesium matrix, leading to the fragility of the Mg/ interface. Al atoms diffuse quickly in the magnesium matrix, and then reduce the solid solution strengthening. All of the above phenomena result in poor creep properties of the Mg-8Al alloy, as presented in Fig. 8 and Table 3 .
The RE-containing alloys exhibit good creep resistance due to have the Al 11 RE 3 intermetallic compounds. Although Al 11 RE 3 has a body-centered orthorhombic structure, 22) which is incoherent with the h.c.p. lattice of the magnesium matrix, its high melting point (>1513 K) 23) and strong intermetallic bonding as well as the low diffusion rate of the RE elements in magnesium all contribute to a thermally stable alloy, even at 773 K. 25, 30) 
Creep mechanism
Generally, the steady-state creep rate ( _ " " s ) can be represented by the relationship between stress () and temperature (T) as follows:
where A is a constant; n, the stress exponent; and Q c , the apparent activation energy for creep. Figure 9 illustrates the stress dependence on steady-state strain rate ( _ " " s ). Figure 10 shows an Arrhenius plot for the creep test of both Mg-8Al and Mg-8Al-2RE alloys under 40 MPa. The creep activation energy of the Mg-8Al and Mg-8Al-2RE alloys are 114 and 104 kJ mol À1 , respectively. For the Mg-8Al-xRE alloys, n value was approximately 2, which suggests the creep of the alloys can be controlled by grain boundary sliding. This has previously been suggested for Mg-based alloys under similar test conditions. [31] [32] [33] 3.3.3 Microstructural observations of the creep test specimens The near grain boundary microstructure of post-crept Mg8Al was shown in Fig. 11(a) . Compared to the initial state (see Fig. 1(c) ), the microstructure underwent significant changes during creep test. Fig. 11(a) shows that a high volume fraction of secondary discontinuous precipitates near grain boundaries during creep and many cracks are developed. Since the discontinuous precipitation occurring during creep effectively multiplies the grain boundary area available for easy deformation by grain boundary sliding in elevated temperature creep. 31, 32) Therefore, the creep resistance of Mg-8Al should be poor at elevated temperatures. Figure 11 (b) shows the microstructure near grain boundary of Mg-8Al-3RE after creep test. No significant change in microstructure morphology after creep exposure was observed. The addition of RE to Mg-8Al alloy forms the Al 11 RE 3 intermetallic phase, which may suppress the precipitation of discontinuous phase during the creep test. Consequently, the sliding of grain boundaries and the slip of dislocations in the matrix were effectively prevented at elevated temperatures, improving the creep resistance of Mg8Al base alloy. 34, 35) Thus the alloying with RE leads to increasing both the corrosion and creep resistance of Mg-8Al base alloy.
Conclusions
(1) The (Mg 17 Al 12 ) and the Al 11 RE 3 phases are the main precipitates in the Mg-8Al-xRE magnesium alloy matrix by the addition of the RE (La-rich Mischmetal). (2) RE additions suppress the precipitates of the thermally less stable phase at high temperatures and also stimulate the formation of the stable intermetallicAl 11 RE 3 phase at higher temperatures. The phase becomes coarsening or even softening in the matrix, and the strengthening effect of the phase gradually gets lost. However, at elevated temperature, Al 11 RE 3 particles may still keep a role to obstruct both the dislocation motion and grain boundary sliding; hence, the creep property of the magnesium alloys may be still maintained. (3) The stress exponents of the Mg-8Al-xRE alloys are approximately 2, which suggested creep mechanism of alloys was controlled by the grain boundary sliding. The creep activation energy of the Mg-8Al and Mg8Al-2RE alloys are 114 and 104 kJ mol À1 , respectively. (4) The corrosion tests indicate that the corrosion potential of these alloys becomes high and corrosion current density is reduced, as the RE content of the Mg-8Al alloys increases. The corrosion test of immersion also reveals that the rate of weight loss of the Mg-8Al alloy reduces with the RE content of the alloys. 
